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ABSTRACT 

A system has been constructed in order  to evaluate the practica- 
bility of the scattering technique f o r  measuring the constitutive para-  
me te r s ,  p and e ,  of materials.  Measurement data have been obtained 
for samples having a wide range of parameter  values. Experimental 
resul ts  and a system e r r o r  analysis a r e  used to predict feasible 
accuracy for this technique. 
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CONSTITUTIVE PARAMETER MEASUREMENTS 
USING THE SCATTERING TECHNIQUE 

I. INTRODUCTION 

The problem of measuring the complex constitutive parameters  
of mater ia ls  a t  microwave frequencies is niether recent * * 

p 
nor  without many solutions. However, recent interest  in and use of 
more  complex mater ia ls  has extended the range of parameter  values 
fo r  which accurate measurements a r e  required, and has emphasized 
some shortcomings in the conventional techniques; for  example, 
exceedingly small machining tolerances become necessary to main- 
tain accuracy.  Also, the properties measured by present  methods 
a r e  often not sufficiently sensitive to parameter  variation in these 
new regions of in te res t .  Finally, the solution of multiple t ranscen-  
dental equations is normally required to translate experimental data 
into constitutive parameters .  Thus, there  is a need for  detailed 
consideration of new methods for measuring the electromagnetic 
propert ies  of mater ia ls  at microwave frequencies.  

and c 

One new proposal for  measuring constitutive parameters  might 
be called the scattering method. This technique uses  measurements  
of bistatic electromagnetic scattering from small spherical  samples 
in  f r e e  space to determine p* and e * .  The method has severa l  appeal- 
ing quali t ies.  Although the machining process  may be more  difficult 
for  some mater ia l s ,  tolerance problems a r e  lessened.  The equations 
relating experimental data to constitutive parameters ,  while extremely 
complicated for spheres  of a rb i t ra ry  s ize ,  can be greatly simplified 
when, as in this technique, the spheres a r e  small. Some quick and 
convenient methods of solving them have been devised. Fur thermore ,  
the bistatic scattering measurements used in this method a r e  a l ready 
common and well understood. 

The scattering method also has some inherent problems.  The 
basic assumptions in this technique a r e  that only the dipole spherical  
scattering modes a r e  significant, and fur thermore that these may be 
approximated by simple equations. Spheres which f i t  these assumptions 
a r e  extremely small ,  on the order  of O.02h diameter o r  l e s s ,  and their  
amounts of scat tered radiation a re  correspondingly minute, making 
measurement  difficult. It w i l l  also become evident that extreme measure-  
ment accuracy is required for  mater ia ls  with high values of p* and c * .  
Because of these considerations, ser ious questions concerning the 
practicability of this method are  ra i sed .  

1 



One partial solution to this measurement problem has already 
been proposed. A more  complicated expression for  electromagnetic 
scattering which is valid for  la rger  spheres has been developed by 
YU.' 
a r e  required.  

The cost of this  extension is that twice as many measurements  

In this report, only the experimental problem is considered. 
The pr imary objective is to determine i f  the required smal l  sphere 
measurements can be obtained and, i f  so, with what accuracy, 
applicability, and difficulty. Results of this report  a lso indicate when 
the increased difficulty of the extended theory technique is worthwhile 

In the second section, the theory of this technique is briefly 
reviewed and the required experimental measurements a r e  specified. 
A system fo r  making these measurements is discussed in the third 
section. Some data on specific mater ia ls  a r e  presented in the fourth 
section, and a system e r r o r  analysis and suggested improvements a r e  
discussed. Finally, some conclusions a r e  reached concerning the 
practicability and implementation of this method. 

11. THEORY 

The theoretical bistatic scattering from spheres in general is very 
complex, being expressed by a pair of infinite se r ies  . l  

certain limitations a r e  placed on sphere characterist ics and the method 
of measurement,  the theoretical solution can be simplified to yield 
a rather  direct  relationship between the constitutive parameters  and 
measureable scattering parameters .  This theoretical development' 
may be quickly summarized. 

However, if 

Starting with the general scattering theory several  assumptions 
a r e  made as follows: 

1.  

2 .  

3 .  

4 .  

A plane-wave is incident upon the sphere.  

The sphere mater ia l  is homogeneous and isotropic. 

All spheres satisfy the relation k o a s  0.2, where a is the 
sphere radius and ko is the free-space wave number. 
definition these a r e  dipole spheres .  

By 

Measurements a r e  to be made in the E and H planes at 
the bistatic angle of 90" where geometry is as shown in 
F i g .  1.  
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- 1  

Fig. 1. Diagram of necessary scattering measurements .  

Then for  the above specified conditions the scat tered fields for 
a sphere can be obtained with better than 1% accuracy at a given distance 
PO as 

1 

F o r  a perfectly conducting sphere of the same s ize ,  the corresponding 
scat tered fields can be writ ten as  

3 



(3 )  

and 

(4) 

In these equations, the parameters  a r e  

a SPHERE RADIUS uo = koa = 2a- = 2a 
FREE SPACE WAVELENGTH 

* 
LO 

where the j ' s  a r e  spherical  Besse l  functions, the h's a r e  spherical  
Hankel functions, and dipole scattering only is considered. 

The two sets of fields specified can be measured in the near-zone. 
Their ratios a r e  
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(5)  

and 

(6) 

With algebraic manipulation and simplification, the relationships 
between the unknown quantities, q r  and V r ,  and the experimentally 
measured ratios,  ye and y can be expressed a s  +’ 

(7 )  

and 

( 8 )  

where 

2 
C = ( 1  - u0 ) t JuO3 with uo I 0.2 . 

The solution to Eq. ( 7 )  is straightforward. For Eq. (8) a 
refractive index chart  (shown in  Fig.  2 )  has been constructed to 
facilitate finding the argument of Xl (vrUo) ,  given the complex value 
of that function. 

If the sample sphere satisfies the additional conditions that 
kla 5 0 . 3 1 ,  where kl is the wave number of the material ,  and 

the constitutive parameters  a r e  expressed directly as 
- < 0.1, the relationship can be further simplified. For  this case,  

(9 )  

5 
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and 

with kla 5 0.31 and r0 L 0.1.  
stitutive parameters  f rom scattering measurements  was f i r s t  proposed 
by Moffatt .s 

U s e  of these relations f o r  finding con- 

As can be seen, this theoretical development has not only deter-  
mined the relationship between constitutive parameters  and sphere 
bistatic scattering, but it has also specified the nature of the experi-  
ment to measure  the scattering. 
mus t  be illuminated by a plane wave and the magnitude and phase of its 
scat tered field a t  two bistatic a n g l e s  (e= 90°, + = 0" and e= 9 0 ° ,  c$ = 9 0 " )  
must  be measured.  
sphere of the same s i ze .  If this experiment can be performed success-  
fully and accurately fo r  spheres of a rb i t ra ry  materials, a new measure-  
ment  method fo r  constitutive parameters  has indeed been developed. 

Basically, a small sphere (koa  5 0.2)  

The process is then repeated f o r  a conducting 

As discussed by Y u , ~  a generalization of the theoretical relations 
to include the effects of quadrapole sphere scattering modes results in 
a valid but more  complicated scattering method for  measuring con- 
stitutive parameters  of spheres  with koa 5 1 .  
two additional bistatic scattering measurements,  one each in the E - and 
H-planes, a t  other bistatic angles. 
cussed af ter  and in relation to the s impler  technique. 

This method requires  

This method will be briefly dis- 

TIT.. THE MEASUREMENT SYSTEM 

A typical system fo r  measuring bistatic scattering uses  two 
antennas spaced 90" apar t  in the far field of the target,  as shown in 
Fig.  3 .  One antenna t ransmits  energy to illuminate the target ,  and 
the other receives the scattered radiation. 
t ransmi t te r  and receiver is used to cancel direct  radiation between 
the antennas and unwanted scattering from the target  support and other 
nearby objects. 

A nulling loop between 

Thus, when a sample is being measured,  there  a r e  actually three 
signal inputs to the receiver;  i . e . ,  Signal #1 - bistatic scattering from 
the sample,  Signal # 2  - unwanted signal, and Signal #3  - Null loop 
signal to cancel out Signal f f2. Although the sum of Signals # 2  and # 3  
is cstensibly zero, various external factors  in any system of this type, 

7 
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F i g .  3 .  Typical bistatic scattering range. 

such a s  temperature change and mechanical vibrations, cause variations 
in the "null level" resulting from these two signals. 
e r r o r  caused by this effect depends on both system stability with respect  
to external factors and on the relative magnitudes of the signals involved. 

The measurement  

For  example, assume that the magnitudes of signals #1 and #2 
a r e  equal, and that #3  initially completely cancels signal #2. Now i f  
external "noise" is introduced to cause a 570 change in signal #2, the 
resulting "null level'' shift could possibly cause a 2 570 e r r o r  in the 
measurement  of Signal #1. However, if the magnitude of the unwanted 
signal i s  20 dB greater  than the magnitude of signal #1, the s a m e  570 
change could cause a 2 50% e r r o r  in measuring Signal #1 

It is therefore evident that design goals for this system a r e  
maximum possible stability and maximization of the ratio of signal 
scat tered f rom the sample to unwanted signal. 
for  this system, maximum coupling to the sca t t e re r  and minimum direct  
coupling between antennas a r e  required - 

In t e r m s  of the antennas 

The antenna system chosen for this application is shown in F i g .  4 .  
Incident power is coupled onto a two-wire t ransmission lineS and pro-  
pagates in the T-line mode to the sca t te re r .  The sca t te re r ,  located 
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0" 1 

.BALANCED TWO -WIRE 1-LINE 

Fig .  4. Antenna orientation for  scattering measurements .  

symmetrically between the two wires ,  is illuminated by a TEM field 
with essentially constant field intensity. The scat tered field in the 
direction (e  = 90°, 4 = 90")  is coupled to  another two-wire t ransmission 
line which acts  as the receiving antenna. 
direction (e  = 90°, 4 = O o )  is received by a parasi t ic  antenna a r r a y  con- 
sist ing of a dipole spaced optimally f r o m  the two wires  of the t rans-  
mitting T-line. 

The scat tered field in the 

Using this system, the scattered power received f rom a b / 2 5 -  
diameter  conducting sphere in the direction ( 0  = 90°, + = 90') is 68 dB 
down f rom power input to the system, and in the direction (8 = 90°, 4 = oo) 
is 7 5  dB down from input power. 
t ransmission lines is 30 dB down from input power and coupling between 
t ransmission lines and dipole receiving antenna is 45 dB down from input 
power.  

Direct coupled power between the two 
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The 6 '  X 6'  X 6 '  anechoic chamber containing the system (shown in 
F i g s .  5 and 6) is  constructed of braced plywood, and lined with copper 
and 8"-thick sections of hairflex absorber .  The measurement  system 
is attached rigidly by clamp apparatus to this box. Stability of the 
enclosed system can be described a s  good. Satisfactory nulls can be 
maintained for  periods of severa l  minutes with proper  ca re .  

Considering the levels of scat tered power and direct  coupled power 
a s  stated heretofore, i t  is obvious that an accurate  and stable nulling 
loop must be included in  this system. 
system circuitry,  including the nulling loop, is shown in Fig.  7 .  This 
system used available components such a s  ordinary RG-8 coaxial cable. 
A complete specification of all components is in  Appendix A.  Unfortu- 
nately, the components were not particularly suited to  this task. 
null loop was difficult to adjust with the necessary accuracy and was 
very  sensitive to mechanical disturbances. Also, a more  powerful and 
more  stable signal source would have been desirable.  However, with 
present equipment, null levels 2 5  dB below the scattering f rom a h0/25-  
diameter conducting sphere can be obtained and maintained for  severa l  
minutes. 

A schematic diagram of all 

The 

The scheme f o r  positioning the samples is  shown in Fig.  8. 
Samples a r e  lowered f rom the top through the Styrofoam locating trough 
and into position, resting on the smal l  Styrofoam platform. Thus, the 
sample is not exactly in f r ee  space.  However, the low dielectric con- 
stant of the locating apparatus and the nature of the measurement  make 
the resulting e r r o r  small .  

IV. RESULTS 

Measurements have been made on severa l  sphere samples using 
the system discussed in the preceding section. These measurements  
a r e  intended to show, in a general way, what d.ifficulties a r e  found in 
measuring small spheres ,  whether the method gives valid resul ts ,  and 
what level of accuracy can be expected. Because of the experimental 
nature of this system and the less-than-satisfactory performance of 
some of i ts  components, the measurement data do not portray optimum 
resul ts  for this measurement technique. 

Figure 9 shows measured bistatic scat tered power for  severa l  
meta l  spheres .  Since these spheres  a r e  in the Rayleigh region, a 
Rayleigh Law curve, normalized to the largest  sphere,  i s  also plotted. 
These measurements show that Rayleigh spheres  can indeed be measured 
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Fig. 6 .  Interior view of scattering range. 
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Fi.g. 7 .  Block diagram of exter ior  scattering 
range circuitry.  

with good accuracy by a scattering range of this type, which in itself 
is a significant result .  
angle ( 0  = 90°, c$ = 90") with the dipole antenna, which is the less  
sensitive of the two receiving antennas. 

These measurements were made at the bistatic 

Table I shows measured data on two samples of known dielectric 
constant, Teflon and Polystyrene. The simple relations were  used for  
calculating l cr l  in this case.  As can be seen, the average measurement  
value gives very accurate results.  However, the spread of measurements  
could give values as much a s  6% in e r r o r .  

Table I1 shows measured data on seven sphere samples covering 
a wide range of constitutive parameter  values; the samples were  sup- 
plied by Emerson and Cuming, Inc. Fo r  samples C, E, and F ,  para-  
m e t e r  values measured by Emerson and Cuming a t  a frequency of 
8.6 GHz a r e  shown fo r  comparison. Samples H, I, K,  and L are 4 
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Fig. 8. Diagram of sample positioning scheme. 

specimens of Eccosorb MF, Emerson and Cuming's line of waveguide 
absorber  material .  F o r  these mater ia ls ,  nominal parameter  values 
a t  a frequency of 1 GHz, as specified in Emerson and Cuming Techni- 
ca l  Bulletin 8-2-6,  a r e  presented for comparison. 
mater ia ls  in Table 11, the absolutely cor rec t  parameters  values at the 
measurement frequency a r e  not known. Therefore, the accuracy of 
these measurements can only be estimated by noting data spread and 
by general comparison of parameter  values. 

F o r  all of the 
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1 
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I 

After reviewing the experimental data it is evident that measure-  
ments can be obtained over virtually the ent i re  range of constitutive 
parameters  of interest .  
the technique. 
in question. 
mental data and simplified system analysis 

The data a l so  seem to confirm the validity of 
But the accuracy obtainable f rom this method remains 

This problem will now be considered based on the experi-  

Experimental e r r o r s  f rom this measurement  system may be 
attributed to two basic sources.  
recording e r r o r ,  is e r r o r  in recording the amplitude and phase of the 

The first cause,which could be called 
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sca t te red  signal as presented t o  the m e t e r s  or  measuring instruments.  
This would include device e r r o r  as well as faulty readings. 
cause,  which will be called system e r r o r ,  is the extraneous signal in  
the system output. 
the e r r o r  signal resulting f rom imperfect nulling of the system. 

The second 

This category would include random noise and also 

The e r r o r  effects may be analyzed using a vector diagram. In 
Fig.  10, consider that the measured magnitude and phase of scattered 
signal f rom a sample sphere and corresponding meta l  sphere a r e  r e -  
presented by two vectors.  
me ta l  sphere signal, Sm, is  the vector 1 t j0.  Then the sample scat-  
t e red  field vector, Ss, is equal to the ratio y. 

The diagram is normalized so  that the 

The system e r r o r  may be represented as a small  vector of 
random phase which is added to  both signal vectors.  
locus of possible values for each sphere signal is the inter ior  of a circle  
of specified radius which is centered at the tip of each vector Sm and Ss, 
as shown in F ig .  11. The radius is equal to the ratio of null signal level 

The resulting 

I 
-I Sm 

+I 

- - j  I 

Fig .  10. Vector diagram representing scat tered signals.  
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F i g .  11. Vector diagram representing effect of system e r r o r  
on scattered signals. 

to meta l  sphere scattered signal level. 
therefore a figure of mer i t  for  a measurement system of this type. 

This ratio of signal levels is 

Amplitude and phase recording e r r o r s  cause a widening of the 
boundaries of the above circles  by smal l  amounts in the radial  and 
phase direction, respectively. In the present  system, recording e r r o r s  
a r e  very small compared to system e r r o r .  In other feasible systems,  
this relationship could always be obtained by buying measuring instru- 
ments  of higher and higher quality. 
ignored henceforth in this analysis. 

Therefore, recording e r r o r  w i l l  be 

Because of variation of both vectors,  Sm and Ss, the locus of 
possible values of y is not c lear  f rom the diagram in F i g .  11. 
simplifying assumption in this case is that the locus of possible values 
of y is the interior of a circle  centered at the tip of Ss with radius equal 
to  twice the system relative null level, as shown in F i g .  12 
assumption gives a very conservative estimate for materials  with re -  
latively low parameter  values. 

A 

This 
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of system e r r o r  on y. 

For  the system in this report, the null level w a s  about 26 dB 
down from the scattered signal f rom the $" metal  reference sphere.  
Thus there w a s  a possible e r r o r  of O . l / e ,  0 8 5 Zsr, in ygand y+*  
F o r  comparison, systems with relative null levels of -S6 dB, -46 dB, 
-56  dB, and -66 dB will also be considered. 
yield possible e r r o r s  in yt tand yQ' of 0 * 0 3 2 & ,  O.OlO/e, 0.0032kL 
and 0.001 E ,  respectively. The simple relations (f rom Chapter 1) 
between yv y+, kr ,  and c r  were used to transform the locus of possible 
y to  an  approximate locus of possible pr and e r e  As will be seen, these 
loci a r e  functions not only of relative null level, but also of the exact 
value of Fr and e r e  

These systems would 

Figure 13 shows the locus of possible c r  vs  c y  and relative null 
Figure 14 shows the locus of possible t.J,r VS. pr and relative 

Notice that accuracy deteriorates rapidly as lpr I o r  l e r  I level. 
null level. 
and relative null level a r e  increased. 
accurate measurements of loss tangent for low-loss mater ia ls  would be 
very difficult. 

The character is t ics  also show that 

The measured data presented already indicate that the 
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system e r r o r  signal does have random phase, so that an average of 
severa l  measurements resul ts  in much greater  accuracy than can  be 
obtained f rom a single measurement .  Notice however, that the geo- 
met r ic  center of the loci, the predicted result  of an  ideal averaging 
process ,  is measurably in e r r o r  for  large I C  1 and high null 
level. The loci in F i g s .  13 and 14 also indicate that this method would 
give high percentage e r r o r s  in loss tangent o r  tr" measurement for  
mater ia ls  with low loss ,  fo r  which the magnitude of C r "  is comparable 
to the dimensions of the loci .  

I o r  I 

In view of the above e r r o r  analysis,  the question must  be asked, 
"Can a practical system be constructed which, using the scattering 
technique, will measure accurately the constitutive parameters  of the 
rather  exotic, complex mater ia ls  for which it was intended? 'I 

Several factors a r e  involved in the answer to this question. 
First, considering the probabilities involved, it would seem that 
maximum possible deviation in y due to system e r r o r  would occur very 
seldom. Measured data seem to verify this asser t ion .  So the realized 
system should give more  accurate results than a r e  guaranteed, without 
any modifications whatsoever.  

Also, as already stated,  the system in this report  is not considered 
to have optimum performance. It is estimated that simply by replacing 
severa l  external components of the system, such as the generator and 
the null loop components, at least  a 10 dB decrease in  the null level 
could be obtained. 

Furthermore,  sample sphere s ize  could be increased.  Using the 
present theory, valid measurements could be made on spheres of 13/16' '  
diameter at the system frequency. The increased scattered power from 
these spheres would lower the relative null level approximately 15 dB. 

Considering these three factors alone, system performance 
corresponding to the -56 dB null level seems realizable. 
equivalent to the -66 dB null level seems feasible i f  further refinements 
in  temperature stability, physical stability, and other system character-  
is t ics  were made. 

Performance 

Notwithstanding the feasible performance improvements f o r  this 
system, the problem of loss  tangent accuracy for low- loss  materials,  
which is inherent in this method, as well as others,  remains.  It is 
possible that this problem can be greatly reduced by considering a l a rge r  
spherical  target with higher-order modes included so that the measured 
phase angle is much more  sensitive to loss tangent. 
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Thus, excepting the problem of low-loss tangent measurements ,  
a sys tem does appear to be feasible for measuring accurately the con- 
stitutive parameters  of mater ia ls  with constitutive parameters  in the 
range 1 .1  5 I c r l  5 2 0  and 9 . 9  & l p r l  
scattering method. A system involving four bistatic scattering measure-  
ments  and using the quadrapole scattering theory would enlarge the range 
s t i l l  fur ther ,  and permit more  accurate parameter  determination. 

1 .1  using the simplfied 

V .  SUMMARY AND CONCLUSIONS 

A method for  determining constitutive parameters  of any mater ia l  
a t  radar  frequencies using sphere scattering measurements  has been 
proposed. The practicability of this method depends on the accuracy 
with which scattering measurements can be made .  

A combination transmission line-dipole scattering range for  
making the required measurements has been built in o rde r  to evaluate 
the experimental problems involved in this technique. 
ing to the sample sphere with minimum direct  coupling between antennas 
was a major  goal of the sy tem.  
isolation were  other important character is t ics .  

Maximum coupl- 

Physical stability and electrical  

Using the above system, measurements have been made at  a 
frequency of 930 MHz on metal  spheres  of various s izes  and sample 
spheres  made of several  different mater ia l s .  
results verify the validity of the technique, the accuracy of this system 
is insufficient for measuring the wide variety of mater ia ls  proposed. 
sys tem e r r o r  analysis has shown the relationship between constitutive 
parameter  e r r o r  and an  important measure  of system quality, the null 
level relative to metal  sphere scattered power. In view of this analysis,  
some realizable improvements a r e  suggested which would yield a system 
with satisfactory accuracy. It is therefore concluded that an improved 
system is feasible for measurements of sufficient quality to render the 
scattering method practical  a t  this frequency. 

Although the measurement  

A 

Although measurements have not been performed at other frequencies, 
it is estimated that a scaled system using appropriate circuitry could obtain 
practical  measurements up through S-band frequencies. 
quencies, 
simple model. However, the inclusion of higher-order modes in the scat-  
ter ing mechanisms would make it practical  to apply the method through the 
X-band region. 
should actually give improved results.  

F o r  higher f re -  
s ize  and tolerance problems might be insurmountable for the 

Systems operating a t  frequencies lower than 930 MHz 
The lower frequency limit of 
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. I 
usefulness of this technique is probably se t  by physical s ize  of the T-line 
scattering range which should be a t  least  a wavelength in  length. 

Although the problem of sample preparation has not been fully 
considered, some general comments on this subject a r e  offered. F i r s t ,  
since the dipole scattering modes a r e  relatively insensitive to sur face  
characterist ics of the sphere,  some degree of surface roughness, a s  
might occur f r o m  tumbling, i s  permissible  for the mater ia l  samples .  
The magnitude and required symmetry of these perturbations for  valid 
resul ts  has not yet been established. Also, since Yu has specified the 
relation between scattering f rom metal  spheres  of different s izes ,  
valid resul ts  can be obtained with this method with sample and reference 
spheres  of different size,  a s  long a s  the s i zes  a r e  accurately known. 
Accurate measurement of volume using liquid displacement should be 
adequate f o r  this purpose. 
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APPENDIX A 
CIRCUIT COMPONENTS OF THE MEASUREMENT SYSTEM 

A .  Source 

1 Sper ry  3K27 klystfron, air cooled 
2.  FXR Type 281 5A universal  klystron power supply 
3 .  Dymec Frequency Stabilizer 

Stabilizer sensitivity setting: 
Actual reflector voltage sensitivity of klystron: 

< 0.12 Mc/v  
< 0.03 M d v  

Therefore, greatest  possible frequency stabilization was not 
obtained. 

B. 

C. 

D. 

E. 

Null Loop 

1 . 
2. 

Phase Measurement Loop 

1.  GR 10 dB attenuator 
2 .  Narda Model 230 slab line, c rys ta l  diode replaced by 

Hewlett-Packard 393A variable attenuator 
2 Sage Model 650 phase shifters 

shorting plug. 

Interconnections 

1. RG-8U coax cable, type N connectors 
2 .  
3 .  
4.  

Receiver 

Scientific Atlanta Ser ies  1600. 

Sage Model 752 3 dB hybrids 
Hewlett-Packard Model 765D 20 dB directional coupler 
Microline Model 1Ei7 - impedance t ransformer  
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